Abstract. A number of alternatives to general relativity exhibit gravitational screening in the non-linear regime of structure formation. We describe a set of algorithms that can produce weak lensing maps of large scale structure in such theories and can be used to generate mock surveys for cosmological analysis. By analysing a few basic statistics we indicate how these alternatives can be distinguished from general relativity with future weak lensing surveys.
Introduction
A possible approach to explaining the observational evidence for cosmic acceleration is that general relativity is modified in regions of low density, low acceleration or, simply, on large scales. A number of models have been proposed [1] , and the idea that there may be a gravitational solution to the dark energy problem has led to a renewed scrutiny of the fundamental properties of gravity. The hope is that, in the very least, a better understanding of general relativity will emerge from current and future cosmological observations.
A common feature in a number of modified theories of gravity is that there is some form of screening [2] . Precision tests [3, 4] indicate that general relativity is at least an excellent effective theory for describing gravitational physics locally or in regions of moderately high density and curvature. This means that, in any modification of the theory, the nature of gravity must depend on its environment and that deviations from general relativity are absent (or screened) in regions in which it has been well tested. Current proposals involve the chameleon [5, 6] , symmetron [7] [8] [9] or Vainshtein [10] mechanism, all of which lead to particular features in the gravitational potential.
A key characteristic of the various screening mechanisms [5, 7, 10] currently being considered is that they are fundamentally non-linear. While they might have an effect in regimes where density perturbations are still in the linear regime, their full effect comes into play in the non-linear regime of gravitational collapse. This means that, if we are to fully understand the effect of screening in universes which closely resemble our own, we must be able to model non-linear structure formation not only accurately but also efficiently. There has been substantial progress in numerically modelling the quasi-linear and non-linear regime of structure formation using adapted N -body codes [11] [12] [13] [14] , and we are now beginning to reach the level of accuracy required for what has been dubbed "precision cosmology". Such accuracy is at the expense of highly intensive computer algorithms which focus on specific models and hence on a reduced subset of the full parameter space that needs to be explored. We have recently advocated the development of approximate algorithms [15] to explore a broader range of parameter space at the expense of accuracy.
With a modified N -body code it is then possible to study the observational consequences of gravitational screening by generating a wide suite of simulations which in turn can be used to design future surveys. Converting such simulations into mock surveys is a crucial step in optimising the scientific returns of cosmological experiments such as Euclid [16] , LSST [17] , WFIRST [18] and SKA [19] .
One particular cosmological probe -the weak lensing of galaxies by intervening gravitational potentials -has been heralded as a particularly powerful test of gravitational physics on large scales. It should supply complementary information to probes of the matter density field through spectroscopic and photometric galaxy redshift surveys and, in principle, will be insensitive to galaxy bias. Current measurements of weak lensing on large scales are not yet competitive with other cosmological probes, but the future looks promising with the surveys mentioned above.
In this paper, we describe the algorithms that can be used to produce lensed maps in cosmologies with screening. To produce modified gravity simulations we rely on the code described in [11] and for lensing we use the GLAMER pipeline [20, 21] . The methods we propose here are the starting point for developing a concerted and comprehensive search for signatures of screening in observations of weak lensing. Our work complements the work developed in [20] [21] [22] [23] [24] [25] .
The outline of this paper is as follows. In Section 2 we briefly summarise the theoretical framework with a particular and systematic focus on the different mechanisms for gravitational screening and how they can be parametrised. In Section 3 we describe the modified N -body algorithm with which we produce the density field and the lensing pipeline, MapSim and GLAMER. In Section 4 we present the results of a suite of simulations, focusing on maps and a few of the main one point and two point statistics. Finally, in Section 5 we discuss what we have found as well as the limitations and future applications of our approach.
Theory
We now establish a useful unified framework for describing the theories of gravity we have studied in this paper.
Scalar-tensor theories
In this paper we will focus on scalar-tensor theories of modified gravity that display some form of a screening mechanism. These are encompassed by the general Lagrangian 1
where M 2 Pl ≡ (8πG) −1 and ψ m are the matter-fields. Matter is coupled to the scalar field via the effective metricg
and therefore moves on geodesics of theg µν metric. In the Einstein frame, where gravity is described by general relativity, this implies the existence of a fifth-force; for a test mass in the non-relativistic limit the force is given by
3)
The key to a successful modified gravity model is to have a way of evading the stringent constraints from local gravity experiments and at the same time give rise to interesting astrophysical and cosmological signatures. One such way is through what is commonly referred to as a screening mechanism and below we will give a short review of the different screening mechanisms we investigate in this paper.
Screening mechanisms
To see how screening can emerge in a scalar tensor theory let us expand the general scalar field Lagrangian Eq. (2.1) to quadratic order about a given field value φ 0
where m(φ 0 ) = d 2 V (φ 0 )/dφ 2 is the (local) value of the scalar field mass, V (φ) is the potential for φ, and β = d log A dφ M Pl is the (local) coupling strength of the fifth-force. The value 2β 2 = 1 corresponds to a force with the strength of gravity. The fifth-force on a test mass, from a source of mass M , can schematically be written in the form
Let us now consider two different regions of space-time, one where φ 0 = φ A and another where φ 0 = φ B = φ A respectively. From the quadratic Lagrangian (2.4) we can see that there are at least three ways that we can have some form of screening. One way to reduce the effect of the fifth-force (in region B compared to A) is by having a large local mass m(φ B ) m(φ A ) which implies a very short interaction range (the chameleon mechanism). If the matter coupling β(φ B ) β(φ A ), the fifth-force will also be suppressed (the symmetron mechanism). Lastly, |X µν (φ B )| |X µν (φ A )| leads to, after canonical normalisation, a weakened matter source and therefore also a weakened fifth-force (the Vainshtein mechanism).
We should note that this simplified description does not tell the whole story; added to these effects we can (and do) have additional screening which can only be studied by considering the full non-linear dynamics of the scalar field.
Chameleon mechanism The chameleon mechanism [5, 6] can be found in models defined by the Lagrangian
The Klein-Gordon equation for the scalar field becomes
In the presence of matter sources, the dynamics of φ are determined by an effective potential which, for non-relativistic matter, is given by
Too see how screening works in detail, we look at a static, spherically symmetric object of density ρ 0 and radius R embedded in a background of density ρ env . The approximate solution to the Klein-Gordon equation [5] in this case leads to a fifth-force given by
where m env = V eff,φφ (φ env ) is the mass of the scalar field in the background,
is the coupling strength (which is constant in the chameleon model) and
is the so-called thin-shell screening factor where Φ N is the Newtonian potential of the object and subscript "0" ("env") refer to quantities at the centre (in the environment) of the object. The larger the Newtonian potential becomes, the smaller ∆R R is, and the fifth-force is screened. On top of this, and in dense environments, the term |φ 0 − φ env | also becomes small (and m env becomes large), giving rise to an environmental screening effect, i.e. an object that is not screened on its own can be screened if it is in a very dense environment. This environmental dependence has many interesting consequences, see e.g. [27] [28] [29] .
Symmetron mechanism The original symmetron model [7] is defined by the same Lagrangian as for the chameleon where 12) and where µ, M, λ are model parameters. The effective potential in the presence of matter sources is given by
The symmetron mechanism is similar to the chameleon mechanism, except that the coupling β is now field dependent, leading to an additional screening effect. If the local density satisfies ρ m > µ 2 M 2 , the effective potential has a minimum at φ = 0 near which the field will reside. Since the coupling is proportional to φ, the effective matter coupling is suppressed in high density regions and the fifth-force is additionally screened. The same screening condition Eq. (2.9)-(2.10) as we had for the chameleon also applies for the symmetron, but now β = β(φ env ) is not a constant anymore.
Vainshtein mechanism The Vainshtein mechanism [10] is responsible for the viability of massive gravity, but it can be present in other theories, most notably the Galileons [30] and the DGP model [31] . We will not work directly with the original DGP model, but instead take a toy model that has the same fifth-force, with the corresponding Vainshtein screening, but where the background is that of ΛCDM. This is known as the normal branch DGP model where we have added dark energy in the form of a cosmological constant [32] . The field equation for the scalar field, which in the DGP model is the so-called brane-bending mode and describes the curvature of the 4D brane we are confined to live in, reads which results in the fifth-force on a test-mass being 17) where
is the so-called Vainshtein radius. The screening mechanism works so that the fifth-force is screened at distances smaller than the Vainshtein radius (r r V ). As opposed to the chameleon and symmetron screening mechanisms, where we have a massterm which gives the fifth-force at finite range, gravity in this case is modified on the largest scales:
Evolution of linear perturbations in modified gravity
The evolution of linear matter density perturbations in the models we are interested in can be written in the general form [33] 
where G eff (k, a) is the effective gravitational constant in Fourier space. If G eff (k, a) = G we recover the equation governing the evolution of the density perturbations in ΛCDM.
For the chameleon and symmetron mechanism we have [33] 19) where β(a) and m(a) are the respective coupling and mass of the scalar field along the cosmological attractor solutions. The form of this equation can be understood by noting that it is the ratio of the Fourier transform of the fifth-force potential to the Fourier transform of the Newtonian gravitational potential
G ≈ 1 and we recover the ΛCDM evolution.
On small scales, k/a 1/m(a),
and gravity is modified. For the symmetron we have
where
is the range of the symmetron field at z = 0, β 0 = µM Pl √ λM 2 is the coupling strength relative to gravity and a ssb =
is the scale-factor at which the modifications of gravity become noticeable.
For the Hu-Sawicky f (R) model [34] , which is one of the models we have simulated, we have
where n and |f R0 | are model parameters. In this paper we will only consider the case where the primordial power spectrum index is n = 1. The DGP model we work with corresponds to taking
Note that, since m(a) = 0, there is no scale (or k) dependence in G eff (a). Another way to look at these models is within the γ, µ parameterisation (see e.g. [35] ), where the metric potentials are given by ∇ 2 Ψ = 4πGa 2 µδρ m and Φ = γΨ. We have
For the symmetron and f (R) gravity the two functions interpolate between µ = γ = 1 for large scales (k/a m(a)) to µ = 1 + 2β 2 (a) and
for small scales (k/a m(a)). On the other hand, in our DGP-like model we have µ = 1 + 2β 2 (a) and
for all k, so gravity is modified even on the largest scales. Linear theory is useful for obtaining a qualitative understanding of what signatures to expect, but it neglects an important part of the model's behaviour, namely the screening mechanism. N -body simulations of modified gravity models, such as the ones considered in this paper, have shown that the predictions of linear perturbation theory become inaccurate as soon as the evolution of the density perturbations starts to deviate from ΛCDM [36] [37] [38] [39] [40] [41] . To obtain accurate predictions for the non-linear evolution of these models, we therefore need N -body simulations.
Gravitational lensing in modified gravity
Gravitational lensing is determined by the so-called lensing potential Φ + = Φ+Ψ 2 . For the modified gravity models we consider in this paper this is equivalent to the Newtonian potential. This can most easily be seen from the γ, µ parameterisation mentioned in the previous section, which gives the following prediction
where ∇ 2 Φ N = 4πGa 2 δρ m is the Newtonian potential, i.e. the same equation as in ΛCDM. When (1+γ)µ = 2, which is the case for the particular modified gravity theories we study in this paper, lensing itself is not modified and the only differences in lensing with respect to ΛCDM are encoded in the differences in the matter distribution caused by the modifications of gravity during the process of gravitational collapse. Modified gravity models where lensing itself is modified (see e.g. [41] ) can be studied within our numerical framework, but we leave this for future work.
Simulations
The numerical results we obtain in this paper have two core elements which we now describe in turn: a modified N -body solver to generate the density field and a weak lensing pipeline that can convert a density field into a lensing map.
Gravitational N -body code
The simulations in this paper have been performed using the ISIS code [11] which is a modified gravity modification of the multi-purpose N -body code RAMSES [42] . The DGP model has been implemented following the description laid out in [40] .
Standard dark matter N -body simulations are evolved using only two equations. First the gravitational potential is calculated (having first used the location of the N -body particles to calculate the density field) using the Poisson equation
and the particles are then evolved using the geodesic equation
When going to our modified gravity models, the only change (when the background is close to ΛCDM) is that we need to include the fifth-force. This adds a term F φ (see Eq. (2.3)) to the right hand side of the geodesic equation. The expression for the force terms and the corresponding field equations that we solve in the N -body code can be found in Appendix A. Solving these highly non-linear differential equations is the most challenging and time-consuming part of modified gravity simulations. 2 All the models we have simulated have been simulated before; for more information and details about the implementation of the scalar field solver and modified gravity simulations in general we refer the reader to
r c H 0 = 5.6 Table 1 . The modified gravity models for which we have performed N -body simulations. The background cosmology in all the simulations is a standard ΛCDM cosmology with Ω m = 0.271, Ω Λ = 0.729, h = 0.703, n s = 0.966 and σ 8 = 0.8. [11, 12] . The code we used was also part in a recent code comparison project for modified gravity N -body codes [14] and it was found to agree to the ∼ 1% level deep into the non-linear regime (k ∼ 5 h/Mpc) with similar codes for the models simulated for this paper. The modified gravity models we simulate are the Hu-Sawicky f (R) model, the symmetron model, and the normal branch DGP model. See Table 1 for the parameters used in the simulations. 3 The background evolution in all the modified gravity simulations is the same as in ΛCDM, allowing for direct comparison of the effect of the fifth-force (and the corresponding screening mechanism).
Lensing pipeline
Light passing through an inhomogeneous matter field is deflected by the intervening largescale structure. This effect, called cosmic shear, promises to be a powerful probe of cosmology. As long as Ψ = Φ holds for the gravitational potential, the cosmic deflection potential for a light cone out to comoving distance χ is given by (e.g. [43, 44] )
where D A is the comoving angular diameter distance. The deflection potential is sourced by an effective dimensionless surface mass density
where δ is the matter density contrast ∆ρ/ρ. Extracting lensing quantities from simulations using equations (3.3) and (3.4) is cumbersome and numerically intensive, as each calculation and each desired source redshift involves raytracing through the simulation volume. Instead, we simulate lensing by large-scale structure using the multi-plane approach of the GLAMER lensing pipeline [20, 21] . An observed light cone is first segmented in the radial direction into a number of slices, and the three-dimensional mass distribution in each slice is projected onto a plane at the mean comoving distance of that slice. The resulting two-dimensional surface mass density maps κ i , i = 1, 2, . . . serve as lensing planes for GLAMER, which traces the propagation of light from plane to plane using the deflection angle
and the Poisson equation [21] 
which relates the surface mass density κ i to the Laplacian of the deflection potential ∇ 2 ψ i on each plane. Having thus constructed the lensing simulation, we are free to place a source plane at any redshift inside the light cone (i.e. a delta distribution of source redshifts), and calculate maps of lensing quantities such as the convergence κ or the shear γ for an observer at redshift zero. Sample convergence maps for the ΛCDM, f (R), symmetron, and DGP simulations are shown in figure 1 . The construction of light cones from simulations and the projection of the mass distribution onto individual planes is done by the MapSim tool [22] in a single step. Each light cone is constructed up to redshift z max = 2.0, which is thus the highest source redshift available for the lensing maps. The field of view of the light cone is a square with a side length of 3.85 deg, which is the angle subtended by the simulation box size B 0 at redshift z max , giving us a total area of 14.82 deg 2 . Figure 2 shows the schematic construction of a light cone for the ΛCDM simulation. It is clear that for lower redshifts, much of the simulation box volume is unused. Randomisation of the box volume through rotation and translation offers a way to extract multiple light cones from a single simulation [45] , where each of the light cones ends up with a random portion of the simulation box.
MapSim constructs a light cone by randomly picking an origin and orientation of the box volume, defining zero comoving distance and the direction of the line of sight. Increasing the comoving distance, particles in the field of view are mapped into the light cone, making use of the periodic boundary conditions of the simulation box. This continues until the comoving distance is a multiple of the simulation box size B 0 , changing snapshots as they become a better fit for current redshift. The process is repeated, starting from the randomisation, until the whole light cone has been constructed.
Using the technique laid out above, we extract ten randomised light cones from each of the simulations and simulate the gravitational lensing of the contained large scale structure. We then create lensing maps of the convergence fields κ for source redshifts z S = 0.5, 1.0, 1.5, 2.0. These maps have a size of 2048 × 2048 pixels for the aforementioned field of view of 3.85 deg ×3.85 deg, resulting in an angular resolution of 6.77 arcsec per pixel. We note that since the simulation box fills the whole field of view at z = 2.0, the same large-scale structure is present in each light cone for the higher redshift slices. We thus expect to underestimate the sample variance with increasing redshift.
Results
We now discuss our results, briefly focusing on the power spectrum of the density field before we turn to the convergence power spectrum and its evolution. 
Matter power spectrum
The matter power spectrum is defined via
where δ m (k) is Fourier transform of the density field δ m (x) ≡ ρ m (x)/ρ m − 1. We have calculated the matter power spectrum for all of our simulations using POWMES [46] . Our obtained power spectra agree well with previous N -body simulations of the same models [11-13, 36, 37, 40, 47] , which serves as a good cross-check for the validity of our results. We have also computed both the linear predictions, using Eq. (2.18), and the halofit [48] predictions for the non-linear power spectrum using MGCAMB [49] . This latter code is a modified gravity modification of the Boltzmann-code CAMB [50] and uses the improved fitting formula (designed for ΛCDM) of [51] to get better agreement with simulations on small scales. The fractional difference of the matter power spectrum with respect to ΛCDM as a function of redshift can be seen in Fig. 3 for the f (R), symmetron, and DGP models, respectively. Before we discuss the results in more detail, we note that, overall, the results we find confirm the qualitative features we discussed in the theory section. For f (R) and the symmetron model, we see that the power spectrum approaches ΛCDM on large scales, while for DGP there are modifications on all scales. Furthermore, comparing the full simulation results with the predictions of linear theory shows the effect of screening: linear theory greatly overpredicts the amount of clustering on small scales. This confirms the point we have made above: non-linear effects are crucial for accurately modelling the effects of gravitational screening and methods, such as the ones presented in this paper, play an essential role. The halofit predictions will be discussed in more detail below.
f (R) For this model, modifications to gravity boost structure formation on small scales. Furthermore, we find that P (k) P (k) ΛCDM for scales k 0.05 h/Mpc and over all times. The effects are stronger in the F 5 model than in the F 6 model and this is due to the larger range (see Eq. (2.22)) of the fifth-force in the former simulation. For the F 5 (F 6 ) model we see that the matter power spectrum is enhanced by up to ≈ 25% (≈ 2-5%) at z = 0 for non-linear scales k ∼ 1-10 h/Mpc. At z = 2 the deviations from ΛCDM are below 5% and 1% for all scales in the F 5 and F 6 model respectively. At earlier times the modifications are even smaller and thus, for these models, modifications to gravity only have a potentially observable impact on structure formation at late times, z 2. The main reason for this is that the range of the scalar field (again see Eq. (2.22)) decreases rapidly as we go to high redshift. Comparing the results of linear perturbation theory with our simulation results, we see that the amount of clustering is greatly overpredicted in linear theory. For example, at k = 1 h/Mpc and z = 0, linear theory predicts a modification of ≈ 50% in the F 5 model whereas the actual result is closer to ≈ 20%.
Symmetron Modifications of gravity in the symmetron model follow the same pattern as in f (R) gravity, where structure formation is boosted on small scales. The effects are stronger in the B model than in the A model. The reason for this is the smaller value of a ssb in the former simulation, which means that the fifth-force has been active for a longer period of cosmic time. The fifth-force is not in operation before the time of symmetry breaking a = a ssb and consequently the power spectrum is the same as in ΛCDM for earlier times a < a ssb . For the A (B) model we see that the matter power spectrum is enhanced by up to ≈ 15% (≈ 5%) at z = 0 for non-linear scales k ∼ 1-10 h/Mpc. Linear theory is an even worse fit to the simulation results in the symmetron model than in f (R) gravity. At k = 1 h/Mpc at z = 0 we find a ≈ 2% modification for the B model whereas linear theory predicts almost 20%. This larger deviation can be attributed to the stronger screening mechanism in the symmetron model, i.e. the fact that β ∝ φ leads to additional screening on small scales (and high density regions) where φ is clustered close to φ = 0.
DGP Contrary to the two models discussed above, gravity is modified on all scales in the DGP model. At z = 0 we find that structure formation in the r c H 0 = 1.2 (= 5.6) model is enhanced by ≈ 12% (≈ 3%). Going to earlier times the modifications become smaller and, at z = 2, are less than ≈ 4% and ≈ 1% in the two models, respectively. Since β DGP increases with increasing r c we expect that a larger r c leads to stronger modifications, and this is indeed the case in our results. On highly non-linear scales k 5 h/Mpc, deviations in the power spectrum are seen to drop for both simulations and at k = 10 h/Mpc we are very close to the ΛCDM prediction. This is due to the Vainshtein mechanism being in play and reducing the effects of the fifth-force on the small-scale structure formation. We also see that for the two models we have chosen to simulate, the relative difference ∆P/P ΛCDM has a similar shape at all three redshifts depicted in Fig. 3 , while the amplitude is markedly different.
Convergence power spectrum
Similar to the power spectrum (4.1), the convergence power spectrum C is formally defined by
where denotes the angular mode. The convergence power spectrum is an important cosmological probe, as it can be related to the evolution history of the universe via Limber's approximation through
where P (k, z) is the matter power spectrum at redshift z and g(z) is the lensing weight. For a single source plane at z = z s we have g(z) = χ(z)(χ(z) − χ(z s ))/χ(z s ) where χ(z) is the co-moving distance. This is a powerful combination of many cosmological quantities which can help break degeneracies arising in other probes. The convergence power spectrum is also directly related to all observed quadratic statistics of cosmic shear measurements, and might soon be measured directly (see e.g. [52, 53] ). In order to estimate the power spectrum from our simulated convergence maps, we use
whereκ is the Fourier transform of the convergence field, and the averaging is done over the angle of vector . In practice, we calculateκ via a Fast Fourier Transform of the convergence maps (after zero-padding to mitigate boundary effects), and perform the averaging in bins of ∆ with logarithmic spacing. By calculating the convergence power spectrum separately for each simulated light cone, we arrive at a sample of results which further gives us a handle on the sample variance of our results. The estimated power spectra for our respective f (R), symmetron, and DGP models are shown in Fig. 4 . To estimate up to which we can trust our results, we computed the relative contribution to C coming from different ranges of co-moving modes of the matter power spectrum. The result can be seen in Fig. 5 . The simulations we have performed have a particle Nyquist frequency of k Ny 6.5 h/Mpc. Fixed-grid simulations with different box sizes usually start to deviate from each other for modes larger than k ∼ k Ny /4-k Ny /2, resulting in k max ∼ 2-3 h/Mpc and max ∼ 2000-3000. However, our simulations have adaptive refinements, which means that the effective Nyquist frequency is much larger and a rough estimate from the refinement structure gives us a factor 5-10 at z = 0.0. From this we estimate that we can trust the C spectra up max ∼ 10 4 . For our largest source redshift z s = 2.0 this max value is probably too large due to the lack of refinement at early times. The minimum -value we can study is fixed by the simulation box size B 0 = 250 Mpc/h, corresponding to values of k min = 0.025 h/Mpc and min ∼ 100 (see Fig. 5 ).
Evolution of the convergence power spectrum
We will first investigate the redshift evolution of the non-linear power spectrum 4 in the screened models relative to a reference ΛCDM simulation (see Fig. 6 ). The reason for this is twofold: First, as noted before, we expect a loss of power in the high z, high regime due to the lack of refinement of the simulations at early times. However, this loss of power is consistent among the different simulations, which all evolved with the same refinement settings. Although we are deep in the non-linear regime, and the effect of resolution may be different for different models, we expect that the power ratio C /C ΛCDM with respect to ΛCDM will be close to the true value over the full range up to max ∼ 10 4 and indicative of the differences one might find at higher resolution. Another reason for investigating the power ratio is of a more physical nature. If C /C ΛCDM is constant in both redshift z and mode , it is in principle indistinguishable from ΛCDM with a different normalisation of the power spectrum. If C /C ΛCDM only depends on z (and not ), it might also be indistinguishable from ΛCDM with a different background history. Thus a robust signature of modified gravity requires an evolution in both redshift and scale.
To robustly estimate C /C ΛCDM at a given redshift, we calculate the convergence power spectra C and C ΛCDM for the same light cone taken from a screened model and the ΛCDM simulation. Given that all simulations start from the same initial conditions, both power spectra trace the evolution of the same patch of the universe, and the ratio C /C ΛCDM is an estimator with much of the influence of cosmic variance taken out. Only after the individual ratios C /C ΛCDM have been calculated in this way do we calculate the mean and variance over the sample of light cones. The results for the ratio C /C ΛCDM can be seen in Fig. 7 for the respective f (R), symmetron, and DGP models. As intended, the sample variance has been greatly reduced, especially in the region of intermediate . Below we will discuss the results in more details for the three types of models individually.
f (R) The convergence power spectrum in f (R) shows the same qualitative behaviour as the matter power spectrum. On large scales ( O(100)) the fractional difference w.r.t. ΛCDM is close to zero whereas for small angular scales we do find large deviations. In the F 6 model the deviation from ΛCDM is consistent (without our error bars) with zero for all source redshifts and 10 3 whereas for the F 5 model we have a non-zero deviation for all 10 2 . The ratio C /C ΛCDM increases for both models with the angular scale and at l ∼ 10 4 we find a ≈ 20 − 30% (≈ 5 − 10%) signal for the F 5 (F 6 ) model, depending on source redshift. Figure 7 . The fractional difference in the convergence spectra for the f (R), symmetron, and DGP simulations with respect to ΛCDM for four source redshifts. We also show the predictions obtained from halofit.
Symmetron For the symmetron simulations, we see the same trend in the convergence power spectrum as we do for f (R), but with some important differences. The fractional difference w.r.t. ΛCDM grows with and for l ∼ 10 4 we find a ≈ 2-5% (≈ 20-30%) deviation for the A (B) model depending on source redshift. As opposed to the f (R) model, the modifications of gravity are completely absent for a < a ssb for the symmetron. It is only close to the present time that the fifth-force has had time to produce a significant difference in the matter power spectrum and thus, for the simulation with a ssb = 0.5, light from high redshift sources propagates mostly through a ΛCDM universe. Because of this, the C 's for the A model are very close to ΛCDM at z = 2.0. As we move the source redshift closer to the present, we see more modifications to large-scale structure, and therefore larger deviations in the convergence power spectrum.
DGP In the DGP model gravity is modified even on the largest scales and we find a corresponding deviation at small values of down to the linear regime. The fractional difference w.r.t. ΛCDM on large scales is found to be of similar order as in the matter power spectrum over the range 0 < z < 2. For the r c H 0 = 1.2 (r c H 0 = 5.6) model we find a ≈ 10-15% (≈ 5-10%) deviation depending on source redshift. The deviation is, within our error bars, fairly -independent, but we do see a slight drop-off of the signal for large that is consistent with the results found in the matter power spectrum (see Fig. 3 ). Contrary to the symmetron and f (R) models, we see a redshift-dependency of the signal that is close to a pure scaling of the amplitude.
Semi-analytical predictions
We can try and approximate the non-linear effects using semi-analytic methods such as e.g. halofit that perform well in the context of ΛCDM. We find that power spectra generated through a modified version of halofit can give better agreement with the N -body simulations than linear theory, but even here the predictions for some models (and model parameters) can also be very poor. This is to be expected as there is no screening included in the formalism and the halofit prediction is a function of the linear P (k, a) only. Nevertheless, for specific models, it is possible to obtain good approximations. There do exist other approaches for predicting the non-linear matter power spectrum (or equivalently ∆P/P ΛCDM ) than halofit which might do better (see for example [55] ), but we have chosen to focus on halofit as it is the most widely used method to obtain non-linear predictions for the matter power spectrum. Below we will discuss the ability of halofit to predict both the matter and convergence power spectra for our three models.
f (R) For f (R) gravity we saw in Fig. 3 that the linear predictions are a poor match to the simulation results for the matter power spectrum and this also holds for the convergence power spectrum. The halofit code 5 is able to improve significantly on this. For the F 5 model, the halofit predictions for the convergence power spectrum (see Fig. 4, 7) are roughly within the error bars for most of the -range considered here. Much of this good agreement can be attributed to the model-specific fitting formula used in MGCAMB to correct halofit. This fitting formula is a 40 parameter fit to f (R) simulations, hence the good level of agreement is not surprising. For the F 6 model, which is more strongly screened, we see a larger deviation for the low redshift sources and for = 10 3 -10 4 halofit predicts a ≈ 10% signal whereas the simulations shows only ≈ 5%.
Symmetron For the symmetron there does not exist a fitting formula for the non-linear P (k) to be used in halofit. In the bottom panel of Fig. 3 we see that halofit gives a very poor fit for the matter power spectrum. It underpredicts the power for scales k 0.5 h/Mpc and overpredicts the power for k 0.5 h/Mpc. However when we use these results to compute the convergence power spectrum, see Fig. 4 ,7, we find a good agreement for the A model whereas the halofit predictions show the largest deviations from the simulation results. This is a coincidence that comes from the process of integrating the matter power spectrum to compute C , see Eq. (4.3), for which the over-/underprediction of the power gets averaged out. For the B model, we see a larger deviation for the low redshift sources, just as for f (R) above, and for = 10 3 -10 4 halofit predicts a ≈ 50% signal whereas the simulations shows only ≈ 10%.
DGP For the DGP model, we find that the halofit predictions are fairly good for both the matter power spectrum and the convergence power spectrum. The main reason for this is that the linear power spectrum is a much better (but far from good enough) approximation to the non-linear power spectrum than it is in the other two models considered here.
In general, the halofit predictions are able to capture the signal, at least qualitatively. However, we see a big difference for the model parameters where the screening is largest. This illustrates how hard it is to accurately predict the signal of these models on deep nonlinear scales and more elaborate methods are needed to get the accuracy needed to constrain these models using data from future weak-lensing surveys in the deep non-linear regime.
Discussion
In this paper we have investigated the weak lensing signatures of modified gravity theories that have a screening mechanism in the deep non-linear regime. We have performed highresolution N -body simulations of modified gravity models which were selected to cover the most common screening mechanisms discussed in the literature. The output of our simulations was then processed by MapSim, which extracts randomised light cones from simulation snapshots, collapsing all particles within a given light cone onto a number of planes suitable for lensing. These light cones contain the large-scale structure of our modified gravity theories and, using the GLAMER lensing pipeline, we created realistic convergence maps as observed by weak lensing. Our analysis of the convergence power spectrum in screened theories of modified gravity was performed in two steps: First, we extracted the convergence power spectrum C directly from the Fourier transform of the generated convergence maps. Our results for ΛCDM are in good agreement with semi-analytical predictions up to 10 3 , as well as previous studies. For higher values of , we experience a loss in power which we attribute to resolution effects, while the lower values of have a large uncertainty due to the variance within our limited sample size. To combat these effects, we have extracted the convergence power spectrum C /C ΛCDM relative to a ΛCDM reference simulation for each individual light cone before averaging over realisations. Since all simulations start from the same initial conditions, this procedure reduces the influence of randomness by only considering the relative increase in power between theories of gravity. The effects of a loss of power due to limited resolution are then mitigated and the final result is a clear indicator of the signal we can expect when searching for the deviations of screened theories from ΛCDM.
For the particular modified gravity models we have simulated -f (R) gravity, the symmetron and the normal branch DGP model -we have chosen parameters that are close to the limits that are set by local gravity experiments. For these parameters we have found deviations of up to ≈ 50% in the convergence power spectrum in the deep non-linear regime ∼ 10 4 . The scale ( ) and source redshift dependence of the signal for these models is such that they cannot be mimicked by a ΛCDM model with a different value of Ω m /σ 8 which is promising for detecting this signal in future weak lensing surveys. However the deep non-linear regime is also where baryonic effects 6 and the effects of neutrinos on the power spectrum are non-negligible. These effects can be highly degenerate with the modified gravity signal [58] , and a more detailed study is required to quantify these degeneracies.
We have also compared the simulation results for the matter and convergence power spectra to the predictions of linear perturbation theory and those found from applying the halofit prescription. Performing modified gravity simulations is computationally expensive, so having an accurate prescription for predicting the modified gravity signal in the non-linear regime is of great value. We find that linear perturbation theory (meaning the prediction for the ratio P MG /P ΛCDM is calculated in linear theory) is a very bad approximation to the simulation results in almost all cases. This is not surprising since linear theory does not take screening into account. The same can be said for halofit, although it is still able to do much better than linear theory. Nevertheless, the halofit predictions are still not good enough for precision cosmology; one can use detailed fitting formulas such as the one found in the MG-halofit code for f (R) gravity, but even there the predictions can be off by as much as ∼ 5-10%. Unfortunately there is no universal fitting formula with this last approach and one needs to proceed on a model by model basis; this is clearly unfeasible if one wishes to explores extensive swathes of parameter space. This paper is a first step in laying down the tools for a thorough analysis of the effects of screening in weak lensing. To proceed, we envision a number of steps. For a start, we need to develop more efficient methods for generating the realisations of the density field (one approach has been advocated in [15] ). Indeed multiple realisations will be needed to pin down the fine details that will allow us to distinguish between models, and an efficient scan of model parameter space is essential to be able to be place reliable constraints on screening parameters themselves.
With such a tool in hand, we need to develop robust analytical methods (in the spirit of a modified halofit) which can be incorporated in a likelihood of up and coming data. In particular, with the tools we have developed here, it is now possible to calibrate the weaklensing observables of the 3-D simulations with any analytical model we choose to pursue. An integral part of this step will be to extend our pipeline to theories where there is nontrivial gravitational slip (unlike the cases we considered here). This will involve modifying the lensing pipeline itself to include the modified integral of the gravitational potentials.
Finally, it will be possible to focus on specific structure and go beyond the basic statistics we have looked at here. As has been shown in [59] [60] [61] , voids are a promising arena; gravity will be unscreened and one expects stronger signatures of modified gravity in such a setting (see e.g. [62] [63] [64] [65] [66] 
A Field equations
In this appendix we present, for completeness, the field equations we solve in the N -body code for the different modified gravity models. In the equations we have applied the quasi-static approximation [67] [68] [69] [70] . The equation of motion for particles in our N -body simulations can be written in the formẍ
where ∇ 2 Φ N = 4πGa 2 (ρ m − ρ m ) is the Newtonian potential and F φ is the fifth-force.
f (R) For the Hu-Sawicky f (R) model we have
where the scalar field f R is determined by where the scalar field χ is determined by
DGP For the DGP model we have 6) where the scalar field φ is determined by
